ABSTRACT -Red peppers are used as a spice for enhancing the palatability of foods. Two major capsaicinoids, dihydrocapsaicin (DHC) and capsaicin (CAP) are responsible for up to 90% of the total pungency of pepper fruits. These capsaicinoids are known to enhance energy metabolism and thermogenesis. However, there is a little information on the effects of capsaicinoids on the lipolysis and carbohydrate metabolism. We studied the effects of DHC and CAP on plasma glucose, free fatty acid (FFA) and glycerol concentrations in rats. Male six-week-old Sprague Dawley rats were divided into the DHC, CAP and control groups. Each capsaicinoid (dose = 3 mg/kg BW/day) was subcutaneously administered to rats for 10 days. DHC increased markedly plasma glucose, FFA and glycerol concentrations on day 1-10 by 14-35%, 61-103% and 108-174%, respectively, as compared with those of the control group. CAP increased relatively plasma glucose concentrations on day 1-3 by 15-17%, as compared with the control group.
INTRODUCTION
Red peppers are used as a spice for enhancing the palatability of food and drugs such as counterirritant on stomach medicines in many countries (Govindarajan and Sathyanarayana, 1991; Surh and Lee, 1995; Watanabe et al., 2001) . The pungent principle of red pepper is a group of compounds called capsaicinoids, which possess a variety of biological properties, and capsaicinoids are a family of natural products isolated from the dried fruit of chili peppers (Akimoto et al., 2009; Aritoshi et al., 2010; Govindarajan and Sathyanarayana, 1991) . Two major capsaicinoids, dihydrocapsaicin (DHC : N-(4-hydroxy-3-methoxy benzyl)-8-methylnonamide) and capsaicin (CAP : (E)-N-(4-hydroxy-3-methoxybenzyl)-8-methylnon-6-amide) are responsible for up to 90% of the total pungency of pepper fruits (Govindarajan and Sathyanarayana, 1991) . DHC and CAP are typical capsaicinoids whose differences of chemical structures are absence or presence of double bond between the carbon atoms in alkyl side chain groups (Akimoto et al., 2009) .
It is generally accepted that capsaicinoids enhance energy metabolism through catecholamine secretion from the adrenal medulla as a result of the activation of the central nervous system and which was mediated through thermosensitive transient receptor potential (TRP) channels, vanilloid 1 (TRPV1) (Gamse et al., 1979; Kobata et al., 2006; Tominaga et al., 1998) . The TRPV1 is activated by volatile pungent foods such as hot pepper (capsaicin), black and white pepper (piperine) and ginger (gingerol). Further, low or high temperatures also effect TRPV1 (< 18 o C), and TRPV1(> 43 o C) (Tominaga et al., 1998) . Activation of TRPV1 plays a role not only in transmission of the pungent or pain sensations but also enhancement of capsaicinoids-induced energy consumption and thermogenesis (Tominaga et al., 1998) . Capsaicinoids enhance energy metabolism via adrenalin secretion from the adrenal medulla through activation of sympathetic nervous system in rats (Kawabata et al., 2006; Kim et al., 1997; Watanabe et al., 1987 Watanabe et al., , 1988 Watanabe et al., , 1994 Watanabe et al., , 2001 ). In addition, the effects of capsaicinoids on body heat production, lipid and energy metabolism, swimming endurance capacity, antioxidant activity and perspiration have been reported by many studies (Cannon and Nedergaard, 2004; Govindarajan and Sathyanarayana, 1991; Kawabata et al., 2006; Kim et al., 1997; Surh and Lee, 1995; Watanabe et al., 1987 Watanabe et al., , 1988 Watanabe et al., , 1994 Watanabe et al., , 2001 ). However, the subacute effects of capsaicinoids such as DHC and CAP on blood glucose, free fatty acid (FFA) and glycerol levels are not fully elucidated (Kawabata et al., 2006; Kim et al., 1997; Surh and Lee, 1995; Watanabe et al., 1987 Watanabe et al., , 1988 Watanabe et al., and 1994 . These questions are of critical importance to the understanding of the mechanism of capsaicinoidsinduced responses in energy metabolism. In the present study, therefore, we studied the subacute effects of CAP and DHC on plasma glucose, FFA and glycerol concentrations in adult male rats. The subacute effects of capsaicinoids on the weight of perirenal and periepididymal white adipose tissues, and interscapular brown adipose tissue were also examined.
MATERIALS AND METHODS

Experimental protocol and animal care
The experimental protocol is shown in Fig. 1 . Sixweek-old Srague Dawley rats (CLEA Japan, Tokyo, Japan) were pre-fed for four days to allow adaptation to their new environment (Akimoto et al., 2009; Aritoshi et al., 2010; Ohkaru et al., 2010) . After the adaptation period, the rats were randomly divided into the DHC (n = 12 initial BW = 234 ± 10 g, in mean ± S.D.), CAP (n = 9, initial BW = 233 ± 9 g, in mean ± S.D.) and the control (n = 8, initial BW = 233 ± 6 g, in mean ± S.D.) groups. Animal food (CE-2, CLEA Japan) and once-boiled water were given to the rats ad libitum. DHC and CAP (each dose = 3.0 mg/ kg BW/day) were administered from the cervical region of the back via a subcutaneous (s.c.) injection (8:00-8:30) to rats for 10 days (Akimoto et al., 2009; Aritoshi et al., 2010) . Plasma glucose, FFA and glycerol concentrations during the experimental periods were assayed Fig. 1 . Experimental protocol. Six-week-old Sprague Dawley rats were pre-fed for four days. DHC or CAP (each dose = 3.0 mg/kg body weight per day) was administered from the cervical region of the back via a subcutaneous (s.c.) injection (8:00-8:30) to rats for 10 days. Plasma glucose, FFA and glycerol concentrations during the experimental periods were assayed on 3 hr post s.c. injection. The visceral organs (thymus, heart, liver, spleen, kidney, adrenal, testis, and white (perirenal and periepididymal) and brown (inter- 3 hr post s.c. injection. The perirenal and periepididymal white adipose tissues, and interscapular brown adipose tisseu were isolated, and weighed on the next day -mus, heart, liver, spleen, kidney, adrenal and testis) were also isolated, and weighed (Kawashima et al., 2011) .
All experimental and animal care procedures were approved by the Committee on Animal Care and Use of Waseda University. The present study was carried out in accordance with the "Guiding Principles for the Care and the Physiological Society of Japan (2004). This study was performed with least possible pain or discomfort to the rats (Akimoto et al., 2009; Aritoshi et al., 2010; Imaizumi et al., 2010a Imaizumi et al., , 2010b Nomura et al., 2008; Shirato et al., 2006 Shirato et al., , 2007 Someya et al., 2009 ).
Administrations of capsaicinoids to rats
DHC and CAP (Sigma, St. Louis, MO, USA) were prepared in 2% ethanol containing 10% Tween 80 and 0.9% NaCl as a vehicle to obtain 0.1% solution (Akimoto et al., 2009; Aritoshi et al., 2010) . DHC (purity: 95%) and CAP (purity: > 98%) were administered to rats via s.c. injection from cervical portion of the back for 10 days (8:00-8:30) (Akimoto et al., 2009; Aritoshi et al., 2010) . In the control group, an equivalent volume of capsaicinoids-free 0.9% NaCl solution containing 2% ethanol and 10% Tween 80 was administered to rats in the same mannner.
Plasma glucose, FFA and glycerol assays
Plasma glucose, FFA and glycerol concentrations were assayed out on day 0, 1, 3, 7 and 10, and blood samples (collected blood volume = 100 μl) were collected from tail vein on 3 hr post s.c. injection (Akimoto et al., 2009; Aritoshi et al., 2010; Imaizumi et al., 2010a Imaizumi et al., , 2010b .
Plasma glucose, FFA and glycerol concentrations were spectrophotometrically assayed with the glucose CII-Test Wako kit (Wako, Osaka, Japan), NEFA C-Test Wako kit (Wako) and free glycerol determination kit (Sigma), respectively.
Statistics
Experimental data were presented as means ± S.E.M. or means ± S.D. Data were analyzed by two-way analysis of variance (ANOVA) for repeated measures, and stausing Tukey-kramer multiple comparison tests.
RESULTS
Effects of capsaicinoids on food intake, water intake, body weight gain and food
As shown in Fig. 2 , DHC and CAP did not change food intake ( Fig. 2A ) and water intake (Fig. 2B) during the experimental period, as compared with the control group. However, DHC and CAP decreased clearly the body weight gain by 20% (56 ± 7 g/10 days, in mean ± S.D.) and 11% (62 ± 9 g/10 days, in mean ± S.D.), respectively, as compared with that (70 ± 6 g/10 days, in mean ± S.D.) of the control group (Fig. 2C ). DHC and CAP also gain to total food intake) by 18% (0.22 ± 0.03, in mean ± S.D.) and 7.4% (0.25 ± 0.03, in mean ± S.D.), respectively, as compared with that (0.27 ± 0.03, in mean ± S.D.) of the control group (Fig. 2D ).
Effects of capsaicinoids on the relative weight of visceral organs to body weight
As seen in Table 1 , DHC and CAP did not change the relative weight of thymus, heart, liver, spleen, kidney, testis, white (perirenal and periepidymal) adipose tissues and brown (interscapular) adipose tissue to body weight. However, DHC increased clearly the relative weight of adrenal to body weight by 19% (p < 0.01), as compared with the control group. These results suggest that mild stress responses were clearly raised with the administration of DHC to rats (Akimoto et al., 2009; Someya et al., 2009) . According to our gross observations, mild piloerections, decreased motor activities and increased crouching behaviors within about 20 min after the administrations were induced by the administration of CAP and DHC to rats. These observations also suggest that physiological mild stress responses were promoted by the administration of capsaicinoids to rats.
Effects of capsaicinoids on plasma glucose concentrations
As shown in Fig. 3 , DHC (dose = 3 mg/kg BW/day) increased plasma glucose concentration on day 1, 3, 7 and 10 by 33% (p < 0.01), 35% (p < 0.01), 18% and 14%, respectively, as compared with those of the control group. In contrast, CAP (dose = 3 mg/kg BW/day) increased clearly plasma glucose concentration on day 1 and 3 by 15% and 17%, respectively, as compared with those of the control group. However, there were no significant difference between the CAP group and the control group in plasma glucose concentrations on day 7 and 10. These results suggest that the magnitude of effects of capsaicinoids on plasma glucose concentrations was relative-ly higher in the DHC group than in the CAP group. Our recent preliminary results showed that CAP (dose = 1 mg/ kg BW/day) did not change plasma glucose concentration on day 1-10, as compared with the control levels (data not shown). These results show that CAP-induced rise of plasma glucose concentrations was dose-dependent, and the magnitude of capsaicinoids on plasma glucose concentration was relatively higher in the DHC group than in the CAP group.
Effects of capsaicinoids on plasma FFA concentrations
As shown in Fig. 4 , DHC (dose = 3 mg/kg BW/day) increased markedly plasma FFA concentration on day 1, 3, 7 and 10 by 70% (p < 0.01), 61% (p < 0.05), 103% (p < 0.01) and 99% (p < 0.01), respectively, as compared with those of the control group. In contrast, although CAP (dose = 3 mg/kg BW/day) did not change plasma FFA concentration on day 1 and 3, CAP increased plasma FFA concentration on day 7 and 10 by 89% and 54%, respectively, as compared with those of the control group. These results suggest that the increased actions of capsaicinoids on the mobilization of FFA to plasma fraction were markedly faster and higher in the DHC group than in the CAP group. Our preliminary results showed that CAP (dose = 1 mg/kg BW/day) did not change plasma FFA concentration on day 1-10, as compared with the control levels (data not shown). These results show that CAP-induced rise of plasma FFA concentrations was dose-dependent and the magnitude of capsaicinoids on plasma FFA concentration was relatively higher in the DHC group than in the CAP group. period. Values were shown in means ± S.E.M. CON : the control group (n = 8), CAP : CAP (dose = 3 mg/kg BW/day) group (n = 9) and DHC : DHC (dose = 3 mg/kg BW/day) group (n = 12). Values in parentheses are shown as the relative ratio of CAP group or DHC group to CON group. Statistics : *p < 0.05, ***p < 0.001 (vs. the control group) , and #p < 0.05 (vs. CAP group). Values: Mean ± S.E.M. CON: control group, CAP: capsaicin (dose = 3 mg/kg BW) group and DHC: dihydrocapsaicin (dose = 3 mg/ kg BW) group. Values in parentheses are shown as the relative ration of CAP group or DHC group to CON group. Statisitcs: **p < 0.01 (vs. CON group). Effects of capsaicinoids on plasma glycerol concentrations As shown in Fig. 5 , DHC (dose = 3 mg/kg BW/day) increased markedly plasma FFA concentration on day 1, 3, 7 and 10 by 152% , 138% (p < 0.01), 108% and 174% (p < 0.01), respectively, as compared with those of the control group. In contrast, although CAP (dose = 3 mg/kg BW/day) did not change plasma glycerol concentration on day 1 and 3, CAP increased relatively plasma glycerol concentration on day 7 and 10 by 98% (p < 0.05) and 92% (p < 0.01), respectively, as compared with those of the control group. These results suggest that the increased effects of capsaicinoids on plasma glycerol concentrations were relatively faster in the DHC group than in the CAP group. As seen in Fig. 3 , these results were almost similar with the effects of CAP on plasma FFA levels. According to the results of our preliminary examination, CAP (dose = 1 mg/kg BW/day) did not change plasma glycerol concentration on days 1-10, as compared with the control levels (data not shown). These results show that the magnitude of capsaicinoids on plasma glycerol concentration was relatively higher in the DHC group than in the CAP group.
DISCUSSION
The present study clearly showed that DHC decreased -ciency ( Fig. 2D ), as compared with the control group. However, the present study also showed that DHC did not change the food intake ( Fig. 2A) , water intake ( Fig. 2B ) and the weight of white (perirenal and periepididymal) adipose tissue and brown (interscapular) adipose tissue. Further, we showed that DHC increased markedly plasma glucose, FFA and glycerol concentrations during the experimental period (Figs. 3, 4 and 5). These results suggest at least in part that DHC enhances energy metabolism and thermogenesis without inducing lipolytic actions from white and brown adipose tissues in the present conditions. DHC-induced promotive effects of energy metabolism and thermogenesis may be caused by adrenalin secretion from the adrenal medulla through activation of sympathetic nervous system in rats (Watanabe et al., 1987 (Watanabe et al., , 1988 (Watanabe et al., and 1994 . It is reported that an intrave--nal sympathetic efferent nerve activity, and CAP-induced adrenal catecholamine secretion was elicited through activation of the adrenal sympathetic nerves (Akimoto et al., 2009; Watanabe et al., 1987 Watanabe et al., , 1988 Watanabe et al., and 1994 . Generally, catecholamines are known to increase energy metabolism in liver and thermogenesis in the brown and white adipose tissues, whereas blood glucose and FFA levels are increased (Akimoto et al., 2009; Cannon and Nedergaard, 2004) .
In the present study, we showed that DHC increased and decreased relatively the relative weight of thymus to body weight (Table 1 ), suggesting that the administration of DHC induced mild stress responses. Recent our report (Akimoto et al., 2009) showed that the administration of CAP did not change plasma corticosterone concentra--gest that CAP-induced rises of plasma glucose, FFA and by lower plasma glucocorticoid levels.
As shown in the present study, DHC-induced rise effects of plasma glucose, FFA and glycerol levels have -ment of energy metabolism and themogenesis by catechoFrom these phenomena, the increasing catecholamines in circulation would lead to plasma glucose, FFA and glycerol levels. These phenomena may at least in part be caused via the promotive actions of thermogenetic capacity of uncoupler protein (UCP)-1 in brown adipose tissues (Cannon and Nedergaard, 2004; Nomura et al., 2008) . The prediction does not contradict with the results of Watanabe et al. (1987 Watanabe et al. ( , 1988 Watanabe et al. ( and 1994 . They showed that capsaicin of hot red pepper increased adrenal sympathetic efferent nerve activities and catecholamine secretion (Watanabe et al., 1987 (Watanabe et al., , 1988 (Watanabe et al., and 1994 . On the other hand, DHC-induced rises of plasma glucose, FFA and glycerol levels may be caused by the activisceral organs, respectively, through activation of sympathetic nervous system in rats. Further, DHC-induced response levels of glucocorticoid secreted from adrenal cortex may play an important role in higher plasma glucose, FFA and glycerol levels (Imaizumi et al., 2010a (Imaizumi et al., , 2010b . However, these possibilities are not yet elucidated. Further studies are indispensable of the subacute effects of capsaicinoids on plasama glucose, FFA and glycerol levels.
In conclusion, subacute effects of capsaicinoids on plasma glucose, FFA and glycerol concentrations in rats were dose-denpendent, relatively higher in the DHC of the weight of white (perirenal and periepididymal) adipose tissues and brown (interscapular) adipose tissue.
